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Highlights Abstract

* A unique calculation model of the BWE slewing Identification of the basic parameters of static stability (BPSS) of the slewing superstructure
superstructure with KBS was developed. is the key step in solving the problem of its static stability, as well as static stability of the
entire bucket wheel excavator (BWE). Specificity of the slewing superstructure examined in
this paper lies in the kinematic breakdown system (KBS) which prevents the loss of static
stability on the counterweight side. Development of a unique method for the formation
* The developed model enables accurate static sta-  and two-step validation of the calculation models for this particular design concept was the
bility calculation and BPSS monitoring. main objective of the presented research. A two-step validation of the analytical models is
conducted based on the experimental results. As the outcome, the final calculation model
formed in such manner represents an accurate basis both for the proof of static stability and
for the monitoring of the BPSS during exploitation. By comparing the results of the control
weighing and the referent values of the final calculation model it was concluded that the
existing double-walled bucket wheel represents a 'weak point' of the considered BWE.

» Two-step validation of the calculation model
based on experimental results.

* The existing double-walled bucket wheel repre-
sents a 'weak point' of the considered BWE.
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1. Introduction —_ e “":" N

A slewing superstructure is the main determinant of visual identity
and the fundamental functional subsystem of bucket wheel excavators
(BWESs) (Fig. 1). Furthermore, it is also a subsystem with a dominant
impact on the output of the machine [6], its dynamic response [13],
fatigue lifetime [7] and the loading and service life of the radiaxial
slew bearing supporting the slewing superstructure [16]. Failures of
vital elements of the supporting structures [14] jeopardize the safety
of the surface mining machines and induce very high financial losses,
even in cases when they do not result in catastrophic consequences
[4]. In the event of heavy accidents, regardless of the cause, the out-
come is, inevitably, a total collapse of the machine due to the loss of
static stability [10].

A well-balanced slewing superstructure is one of the fundamental Fig. 1. BWE SRs 2000%32/5+VR92 on the surface mine ‘Tamnava West Field’
prerequisites for the efficient, reliable and safe operation of a BWE. (Serbia): theoretical capacity 6600 m’/h, total mass 2905 t
Determining the mass (weight) of the slewing superstructure and the

slewing superstructure

- : : : | general, a relatively small number of researchers publishes papers on
position of its centre (centre of gravity - CoG), i.e. the basic param- the topic of static stability of BWESs. It has been observed that the rel-
eters of static stability (BPSS), is a complex task and the key step in evant papers that have been published over the last 15 years are char-

solving the problem of static stability of the slewing superstructure. In acterized by two approaches to the problem of determining the BPSS
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of the slewing superstructure: analytical and experimental. In essence,
both approaches are based on the well known Varignon’s theorem.
With the analytical approach, the dataset needed for the application
of the theorem (masses of the substructure and the electromechanical
equipment, as well as positions of their respective CoGs) is formed
from the project documentation. The basic assumptions for the accu-
rate analytical determination of the BPSS are: (a) accurately identified
elements of the dataset formed from the project documentation and
(b) compatibility between the actual (realized) state of the BWE with
the project documentation. However, in engineering practice these as-
sumptions are almost never fully achieved and, for this reason, the ref-
erent literature [6] and technical regulations [1] point to the necessity
of experimental determination of the slewing superstructure BPSS
(by the means of the so-called ‘weighing”), which is conducted right
after the assembly of the machine. With the experimental approach
to the problem of determining the BPSS of the slewing superstruc-
ture, the dataset needed for the application of the Varignon’s theorem
consists of the loads in the measuring system’s hydrocylinders used
to raise the slewing superstructure [11], and their positions. The ba-
sic preconditions for the accurate experimental determination of the
slewing superstructure BPSS are: (a) use of the calibrated measuring
equipment; (b) the machine is positioned on a well-prepared planum
(the highest permissible inclination being 1/300); (c) the slewing su-
perstructure is completely isolated from the impact of the slew drive,
and (d) weather conditions free of precipitation with wind velocity
below 5 m/s. In addition to the theoretical foundations, the paper [11],
presents analogue-digital measurement-acquisition systems for the
experimental determination of BPSS as well as the description of the
systems’ main components. According to [9], two approaches to the
experimental determination of the BPSS are used in contemporary
engineering practice: (a) direct, based on measuring the pressure in
the hydrocylinders, and (b) indirect, based on the processing of the
signal obtained by the load cells (strain gauge dynamometers). On
the basis of the comparative analysis of the results acquired through
the simultaneous measurements on a representative object, the thesis
that the results obtained via indirect measurements are more accurate
than the results obtained by direct measuring has been refuted. Paper
[12] presents the analytical method of identifying the position of the
slewing superstructure total loading principal vector for various work-
ing conditions. With all this in mind, it has been concluded that the
synthesis of the results of analytical and experimental determination
of the slewing superstructure BPSS is absent from the existing litera-
ture. The results of the pioneering research presented in papers [2,3]
overcome this deficiency. Paper [2] presents an original concept of the
corrective mass, based on the synthesis of the results obtained with
analytical and experimental methods of determining the slewing su-
perstructure BPSS. Application of this concept allows for the forma-
tion of a model which can be successfully applied for the analysis of
static stability, loading of the vital parts of the load-bearing structure
of the slewing superstructure as well as the analysis of its dynamic
response. Paper [3] emphasizes the extreme importance of harmoni-
zation of the technical documentation “...with all the changes made
during the development of the project and the realization of the first
erection procedure...”. Fulfilment of this requirement makes it pos-
sible to form the ‘a priori’ [3] calculation model of the slewing super-
structure, which has a degree of accuracy sufficient for a comparative
analysis with the results of the initial weighing (the so-called ‘zero
weighing”) of the BWE after it has been fully assembled [6]. Then, by
applying the concept of the corrective mass [2], the ‘a posteriori’ [3]
calculation model of the slewing superstructure is formed, represent-
ing a foundation for the accurate proof of static stability.

The BWE SRs 2000 (Fig.1), which is one of the most successful
and widespread models made by the renowned manufacturer Takraf
(a total of 55 units of this type are deployed on the European and
Asian surface mines), has been in operation on the surface mine ‘Tam-
nava West Field” (Serbia) since 1995. The specificity of its slewing
superstructure lies in the kinematic breakdown system (KBS), which

prevents a potential loss of static stability on the counterweight side.
The intensity of the reaction force caused by the partial leaning of the
bucket wheel (the so-called ‘contact force’) leading to the activation,
i.e. the opening of the KBS, is one of the key parameters of static
stability of the slewing superstructure. For this reason, in addition to
the zero weighing, measuring the contact force at the moment of the
KBS activation is mandatory before a BWE with a KBS can be put
in operation. The experimentally determined intensity of this force
makes it possible to perform validation of the BPSS of the portion
of the ‘a posteriori’ calculation model of the slewing superstructure
(above the slewing platform) which has the strongest impact on the
BPSS of the entire slewing superstructure. This was the main reason
behind the development of the procedure for validation of the slewing
superstructure calculation models, presented in this paper, consisting
of two steps:
« the first step: validation of the ‘a priori’ calculation model using
the results of the zero weighing;
« the second step: validation of the ‘a posteriori’ calculation model
using the results of the contact force measurements at the moment
of the KBS opening.

A key contribution of the research presented herein lies in the
unique method for two-step experimental validation of the analyti-
cally obtained calculation models of the slewing superstructure, based
on the synthesis of the results of the analytical and experimental de-
termination of the BPSS. The authors are unaware of any published
work presenting the ‘a posteriori’ calculation model of the slewing
superstructure with a KBS which summarizes the results of the an-
alytical-experimental investigations. BPSS of the presented model
fully match those of the slewing superstructure BPSS at the time of
putting the BWE in operation. A calculation model of the slewing su-
perstructure formed in such a manner enables not only an accurate
calculation analysis of the static stability, but its BPSS act as referent
values for monitoring and control of the BPSS during exploitation.
Analysing the results obtained by control weighing during the BWE’s
exploitation, it is possible to determine the potential ‘weak points’ on
the slewing superstructure, as shown in the paper. The ‘a posteriori’
calculation model of the slewing superstructure represents an accurate
basis for the computational verification of strength and static stability
during the almost-inevitable revitalizations [8] and modernizations of
BWEs [15] aimed at extending their operational life.

2. Analytical determination of the slewing superstruc-
ture BPSS

During the static stability analysis, the slewing superstructure of

the BWE SRs 2000 (Fig. 2) is divided into three substructures:

* Substructure 1 (the bucket wheel boom substructure): bucket
wheel boom-+mast+stay of the bucket wheel boom;

* Substructure 2 (the counterweight boom substructure): coun-
terweight boom+KBS+the counterweight in the containers+the
weight for tensioning of the ropes of the bucket wheel boom hoist-
ing mechanism-+the dismantling crane;

* Substructure 3 (the slewing platform substructure).

A pair of joints connects the bucket wheel boom to the front side of
the KBS, which rests freely on the slewing platform. Another pair of
joints connects the back side of the KBS to the slewing platform, which
is leaning on the undercarriage via a radiaxial slew bearing (diameter of
Drgp=10 m). Changing of the inclination angle of the bucket wheel
boom is achieved by the rope hoisting mechanism.

As already stated in the introductory section, in engineering
practice, inconsistencies between the realized and designed states
of BWEs are very common, “... usually as a consequence of subse-
quent buyer requests, or the inability to purchase components pre-
defined by the project” [2]. The inexistence of updated technical
documentation that matches the state of the considered BWE af-
ter the assembly had forced the formation of the ‘a priori’ calcula-
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tion models of the slewing superstructure (Table 1) to be based on
four different technical documents provided by the manufacturer.
It can be observed (Table 1) that, from the aspect of static stabil-
ity, there are significant differences in the total masses and CoG
abscissas of the ‘a priori’ calculation models of the slewing su-
perstructure: (a) the difference between the biggest (model M1:
mgs ppsM1=1052.928  t) and the smallest (model M4:
mgs pes,ma=1002.974 1) total mass of the analyzed ‘a priori’ cal-
culation models equals to 49.954 t; (b) the difference between
the largest (model M2: x3g5ypesme=1.416 m) and the small-
est (model M4: x5 g5y pesma=1.006 m) value of the CoG ab-
scissa of the ‘a priori’ calculation models is 0.41 m. In the sub-
sequent research, on the basis of the comparative analysis of
the slewing superstructure total mass obtained analytically (the
‘a priori’ calculation models - Table 1) and experimentally (by weigh-
ing) the ‘a priori’ calculation models which do not meet the criterion
provided in [1, 6] were eliminated.

z14
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3. Experimental determination of the slewing super-
structure BPSS

3.1. Weighing

Weighing of the slewing superstructures of surface mining ma-
chines, as well as similar machines such as reclaimers, is performed by
repeatedly raising and lowering the slewing platform and, therefore,
the entire slewing superstructure, using hydraulic cylinders equipped
with load cells and manometers (Figs. 3 and 4). By doing so, it is
possible to determine the loads in the measuring points (reactions in
the slewing superstructure supports during the weighing) and, conse-
quently, the BPSS, based on the results acquired by two independent
systems: mechanical (load cells) and hydraulic (manometers). A com-
parative analysis of the results obtained from two independent meas-
uring systems increases the level of confidence in the experimentally
determined values of the BPSS.

The zero weighing (W0) of the slewing su-
perstructure was performed following the first
erection (Table 2). The measurements were
conducted for two characteristic positions of the
bucket wheel boom:

* horizontal and
e low, at agyp=12.63°,

with the counterweight (in the containers) mass
of mewewo=131.933 t, and the weight (for ten-
sioning of the ropes of the bucket wheel boom
hoisting mechanism) mass of myrr=20.2 t.
Therefore, the total mass of the counterweight
during the zero weighing was:

mCW’WO = mCWC’WO + MyTR = 131.933+20.2=152.133 t.

Fig. 2. Structural scheme of the BWE SRs 2000 slewing superstructure: 1-bucket wheel boom; 2-mast; (H
3-stay of the bucket wheel boom, 4-counterweight boom; 5-KBS, 6-counterweight in the contain-

ers; 7- weight for tensioning of the ropes of the bucket wheel boom hoisting mechanism, 8-slew-
ing platform; 9-radiaxial slew bearing,; 10-ropes of the bucket wheel boom hoisting mechanism,
11-dismantling crane; Ogy~centre of the bucket wheel; O -joint of the bucket wheel boom; O,-KBS

After the zero weighing, correction of
the counterweight was performed by adding
Amcwc=19.867 t into the counterweight con-

Jjoint; Os-center of the radiaxial slew bearing; ogyp-inclination angle of the bucket wheel boom

Table 1. BPSS of the slewing superstructure ‘a priori’ models: bucket wheel boom in horizontal position (agyp=0)

Model Mj, i=1,2,3,4
Part Quantity
i=1 (M1) i=2 (M2) i=3 (M3) i=4 (M4)

Mgys1 pes i () 428.062 409.668 422.650 421.326

X3,5us1H,pESMi” (M) -27.378 -26.875 -27.292 -26.493
Substructure 1

V3,susLu,pES M (M) -0.516 -0.301 -0.504 -0.430

Z3,5us1H,pES M (M) 8.645 8.857 8.747 8.578

Mys2pesmi (£) 506.735¢ 484.561¢ 492.149° 468.248¢

X3 sus2,pEs,Mi (M) 25.898 25.577 26.025 25.882
Substructure 2 —

V3,5us2,pEs,Mi (M) 0.050 0.086 0.208 0.136

Z3 suszpEsMi (M) 16.840 16.863 16.888 17.090

Mgus3pesmi () 118.131 115.810 115.826 113.400

X3,5us3,pES,Mi (M) 0.451 0.404 0.404 0.461
Substructure 3

V3,5us3,pEs,Mi (M) 0.009 0.031 0.031 0.041

Z3 sus3pEsMi (M) 1.503 1.367 1.367 1.531

Mgg pes,mi (£) 1052.928 1010.039 1030.625 1002.974

X3,55,1,0Es,Mi (M) 1.384 1.416 1.281 1.006
Slewing superstructure

V3,s51,pES,Mi (M) -0.185 -0.077 -0.104 -0.113

Z3 s pEsMi (M) 11.787 11.839 11.805 11.755

“mass; "coordinates of the CoG relative to the coordinate system 0;xsy5z5 (Fig. 2); ¢ total mass of the counterweight in the containers and the weight for tension-
ing of the ropes of the bucket wheel boom hoisting mechanism mey;pgs=178 t, X3 cy;pgs=35.114 m, y3 cyypes==0.011 m, z3 cyypps=17.448 m; ! Mewpes=160't,
X3,cwpes=35-114 m, y3 cyypes=0, Z3,cwpes=17.556 m; * Mewpes=175 & X3.c;pps=35.114 m, Y3, cwpes=0, 23, cwpes=17.556 m
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Fig. 3. Layout of the slewing superstructure meas-
uring points on the BWE SRs 2000 (bottom
view)

Fig. 5. Scheme of the bucket wheel leaning during the measuring of the contact force at the KBS activation:
1-tool for the bucket wheel leaning; 2-hydraulic jack; Gg,s;, Gs,s-weights of the substructure 1

and substructure 2; Ogy~centre of the bucket wheel; O-joint of the bucket wheel boom; O,-KBS
Jjoint; Os-center of the radiaxial slew bearing; agyp=—14.31°inclination angle of the bucket wheel
boom at the moment of the KBS activation; x; o,=8.7 m-abscissa of the point O, relative to the co-

Fig. 4. Slewing superstructure measuring points on the BWE SRs 2000 (1-hydro cylinder;
2-manometer; 3-load cell): a) measuring point Al; b) measuring point A2, ¢) measur-
ing point B;d) measuring point C

Table 2. BPSS of the slewing superstructure: the zero weighing (W0)

ordinate system O xyz;; X1 03=3.0 m, z; 93=—4.208 m-abscissa and
applicate of the point Oj relative to the coordinate system Oxy,z;;
X3 02=3.7 m-abscissa of the point O, relative to the coordinate sys-
tem Ozx3v3z3; Copw=41.011 m, {opp=2.9 m-abscissa and applicate
of the bucket wheel centre relative to the coordinate system O ,End;
Lyo-distance between Ag g and axis Oy lg,s), ls,so-distance be-
tween Gg,g;, Gg,s> and the axis Oy,

tainers. As a result, the total counterweight mass at the time
of the BWE deployment was:

Mew = mew.wo + Ameye =152.133+19.867=172 t. (2)

3.2. Measurement of the contact force at the KBS
activation

Experimental determination of the contact force intensity
at the moment of the KBS activation (4q g, Fig. 5) repre-
sents a very important stage of the BPSS validation. Before
the measurement, three buckets (total mass of Ampyc=3.3 1)
were detached (Fig. 6) and the tool for the bucket wheel
leaning (mass of mgw;=1.3 t) was rested on the hydraulic
jack with the piston diameter of dj;;=274 mm. The measured
pressure in the hydraulic jack at the moment of the KBS ac-
tivation was py;;=147 bar, which yields the contact force of:

T“if” —866.78x10° N=866.78 kN.

3)

2
Aog =Py —147x105 x 222 X0f74

Taking into account the state of the slewing superstruc-
ture at the time of conducting the experiment (removed
buckets, tool for the bucket wheel leaning), the obtained
results were corrected. By eliminating the influence of the

Slewing super- . Total counterweight
Measuring position of the |  gtrycture mass CoG position mass
bucket wheel boom
Msswo (t) X3.55W0,L(or H) (M) Y3sswo,L(or 1) (M) Mewwo (8
Low: dpyp=-12.63° 0.380 -0.080
1055.840 152.133
Horizontal 0.599 -0.087
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Fig. 6. Bucket wheel after the dismantling of the three buckets

bucket wheel leaning tool and introducing the influence of the de-
tached buckets, a corrected intensity of the contact force at the mo-
ment of the KBS activation is obtained:

Ao Ecor = Ao + & (Ampyc —mrpwr )=
=866.78x10° +9.81(3.3—-1.3)x10° = 886.40x 10 N= 886.40 kN.
“4)

Itisimportant to note that the presented measurement was performed
after the correction of the counterweight mass, i.e. at mcw=172 t.

4. Analytical determination of the slewing superstruc-
ture BPSS by applying the concept of corrective
mass

In order to develop the slewing superstructure ‘a posteriori’ model
[3] using the concept of corrective mass [2], first it was necessary
to remove the total designed counterweight mass (mcw pgs) from the
‘a priori’ models (Table 1) and introduce the total counterweight mass
(mcw,wo) at the zero weighing, expression (1). Having in mind that
the counterweight belongs to the substructure 2 (Fig. 2), its mass at
the zero weighing, for each ‘a priori’ model (Table 3), was calculated
by the expression:

Mgus2, wo,Mi = MSUs2,DESMi — MCw,DES,Mi T Mew,wo» 1=1,2,3.4, (5)

where mgs) pes mi» 1=1,2,3,4, is the designed mass of the substructure
2 (Table 1). Naturally, a change in mass of the substructure 2, leads to
a change of the entire mass of the slewing superstructure:

Msg wo,Mi = MsS,DES,Mi — Msus2,DES,Mi T Msus2,womi» 1=1,2,3,4, (6)

Table 3, where mgg pps mi> 1=1,2,3,4, is the designed mass of the slew-
ing superstructure (Table 1). Corrective masses (o> 1=1,2,3,4)
were determined (Table 4) using the data given in Tables 2 and 3:

Meor Mi = Mss, W0 — Mss wo,Mi» 1=1,2,3,4. (7)

According to [1,6], the ‘a priori’ model is acceptable if its mass
(Table 3), i.e. the designed mass of the slewing superstructure, satis-
fies the criterion of compliance with the slewing superstructure mass
determined by zero weighing (Table 2):

|mss,w0 - mSS,WO,Mi| = |mcor,Mi| <0.05mgg womi» i=1,2,3.4. (8)

Based on the data presented in Table 4, it is conclusive that the
‘a priori’ models M2 and M4 do not satisfy the criterion of acceptabil-
ity defined by the expression (8). For this reason, they are excluded
from the subsequent analysis.

A change of the counterweight mass, in addition to the change of
the mass of the substructure 2, also causes a change of the position of
its centre:

_ M3$2,DES, MiXSUS2,DES,Mi ~ (mCW,DES,Mi ~Mew wo )ch,DEs,Mi
X3Sus2,WoMi =

i X:%yaz» i:133y
€

M2, WoMi

Table 5, where xsysa pes,mi ad Xew,pES Mi» X=X5YZ, 1=1,3, are coor-
dinates of the centres of the designed substructure 2 and the counter-
weight mass (Table 1). Further, the change of the inclination angle of
the bucket wheel boom leads to the change of the abscissa, as well as
the applicate, of the centre of mass of the substructure 2 relative to the
coordinate system Ozx3y;3z;3 (Figs. 2 and 3):

X3,SuS1,DES,Mi (apwg) (x3,SuSI,H,DES,Mi + x1,03)005 opwB t

+(Z3,8usl,H,DEs,Mi +2103 )SinaBWB - X103, =1,3;(10)

23 Sus1,DES.Mi (#BWEB) = _(x3,SuSI,H,DES,Mi + x1,03)Sin apwg *
+(Z3,SuSI,H,DES,Mi + Zl,os)COS“BWB - 71,03, =1,3.(11)
Coordinates of the centre of mass of the slewing superstructure for

the ‘a priori’ models M2 and M4 at the zero weighing (Table 6) are
determined by the expressions:

Table 3. Masses of the substructure 2 and slewing superstructure at the zero weighing (mcy,,=152.133 t)

Model Mj, i=1,2,3,4
Part Quantity
i=1 (M1) i=2 (M2) i=3 (M3) i=4 (M4)
Substructure 2 Mgys2.wo (£) 480.868 476.694 469.282 460.381
Slewing superstructure Mggwo (1) 1027.061 1002.172 1007.758 995.107

Table 4. Corrective masses and the limits of acceptability of the 'a priori' models of the slewing superstructure

Model Mj, i=1,2,3,4

Quantity
i=1 (M1) i=2 (M2) i=3 (M3) i=4 (M4)
Mg (8 28.779 53.668 48.082 60.733
0.05mgg wo mi 51.353 50.109 50.388 49.755
[M cormil £0.05mgs wo mi yes no yes no
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Table 5. BPSS of the substructure 2 at the zero weighing
(Mewwo=152.133 t)

Model Mj, i=1,3
Quantity
i=1 (M1) i=3 (M3)
Msysz2,womi (t) 480.868 469.282
X3 sus2,wo,mi (M) 25.401 25.581
Y3suszwomi (M) 0.054 0.218
73 susz,womi (M) 16.807 16.855

Table 6. BPSS of the slewing superstructure 'a priori’ models M1 and M3
at the zero weighing (mcy,w=152.133 t)

Quantit Model Mj, i=1,3
esangpostonsf | sy [ s )
Msswomi (£) 1027.061 1007.758
X3sswomi (M) | 0.375 0.343
Low: agyp=-12.63° Yasswomi (m) | -0.189 -0.106
Z3,5swo,L,mi (M) 9.378 9.401
X3sswonmi (m) | 0.534 0.512
Horizontal Yasswoumi (M) | -0.189 -0.106
Zzsswoumi (M) | 11.645 11.675

= [mSuSI,DES,MiX},SuSl,DES,Mi (‘XBWB ) +Mgus2,Wo,MiX3,5u82,Wo,Mi +

X3,55,W0,Mi (aBws)
M3, Wo,Mi

HMS,S3 DES MiZ3.SuS3.DESMi J» 7% i=1.3; (12)

V3,88, WoMi =

Mgu$1,DES Mi)'3,SuS1,DES,Mi + Msus2,W0,Mi)'3,8u83,Wo.Mi t Msus3,DES Mi)3,8uS3,DES Mi =13
M Wo,Mi

(13)

Position of the corrective mass centre (Table 7) was determined as
follows:

_ Mgs woX3,88,wo,H — sS, Wo0,Mi*3,5S,W0,H,Mi
X3 m,cor,Mi

=135 (14)

Meor Mi

0~5mss,wo (ys,ss,wo,H *¥3,85,Wo,L )— mgs wo,MiY3,88,W0,Mi i=13:
s 1719,

Meor Mi (15)

Y3,m,cor,Mi —

23 m,cor,Mi :O'S(ZS,SS,WO,H,Mi + 23,55, WO,H,Mi ), i=1,3. (16)

Table 7. Coordinates of the corrective mass centre

. Model Mj, i=1,3
iy i=1 (M1) i=3 (M3)
X3,m,cormi (M) 2.937 2.415
Y3m,copmi (M) 3.676 0.394
Z3m,cormi (M) 10.512 10.538

Abscissas of the centres of the corrective masses (Table 7) indicate
that the mentioned masses do not belong to the substructure 1, i.e.
that their positions are invariant to the inclination angle of the bucket
wheel boom. By introducing the corrective masses, the slewing su-
perstructure ‘a priori’ models M1 and M3 were transformed into the

‘a posteriori’ models M1y o and M3yyg ¢or, whose BPSS (Table 8)
were calculated using the following expressions:

Mgs Wo,Micor = M8, WoMi + MeorMi» 1=1,3; (17)

_ Mss wWo,Mi X3,88,W0,Mi (O‘BWB ) + Meor Mi X3,m,cor,Mi
X3,SS,W0,Mi,cor (O‘BWB )=

, X=x,2,iF13;
Mgg Wo,Micor

(18)

Y3,88,W0,Mi,cor =

m % +m % Lo
SS,W0,Mi.”3,SS,W0,Mi cor,Mi.”3,m,cor,Mi , i=1 ’3 ) (19)
MsS, W0,Mi,cor

Table 8. BPSS of the slewing superstructure ‘a posteriori’ models M1y ..,
and M3y ., at the zero weighing (m¢y,y,=152.133 t)

Measuring posi- Quantity Model Miyg cop 1=1,3
tion of the buck- M1y cor M3wo,cor
etwheel boom MsswoMicor () | 1055.840 1055.840
X3,55,W0,LMicor (M) | 0.445 0.437
Low: agwp=-12.63°| y3 55 wo,LMicor (M) | —0.084 -0.084
Z3,55,Ww0,LMicor (M) | 9.409 9.453
X3,55,W0,H,Mi,cor 0.599 0.599
(m)
Horizontal | %/3SSWOHMicor -0.084 -0.084
(m)
Z3,55,W0,H,Mi,cor 11.632 11.623
(m)

Correction of the counterweight mass after the zero weighing (equa-
tion (2)) has led to the changes of the BPSS of the substructure 2:

Mgys2 Micor = MsUs2,wo,Mi — Mcw,wo + Mcew, 1=1,3; (20)

MsUS2,W0,MiXSUS2,WO,Mi ~ (”’CW,WO,Mi ~Mew ) XCW,DES Mi

X3,8uS2,Mi,cor = , X=X, Y.z, =13,

Msys2 Mi,cor

21

Table 9, as well as the BPSS of the entire slewing superstructure:

Mgs Mi,cor = MSS,W0,Micor ~ MSus2,Wo,Mi + MSus2.Mi,cor> 1=1,3; (22)

X3,88 Mi,cor (aBWB ): ” ‘:mSS,WO,Mi,corXS,SS,WO,MLcor (aBWB )* Mgy82, Wo,MiX3,Sus2,Wo,Mi T
'SS,Mi,cor

+mSuSZ,Mi,Cor%3,SuSZ,Mi,cor}s x=x,z,i=13; (23)

55, Wo,Mi.cor3,88,WO,Mi,cor ~ "Su82,W0.MiY3,5uS2,WO.Mi + M5us2,Mi,cor)'3,5u82,Mi.cor =13

Y388 Mi,cor = m
'SS,Mi,cor

24)

Table 10. In such a way, two final ‘a posteriori’ models (M1, and
M3,,,) of the slewing superstructure corresponding to the state of the
BWE at the time of deployment were formed. Their BPSS (Table 10)
present the base for further research and analyses.

5. Analytical determination of the contact force at the
KBS activation
The distances needed for the analytical determination of the con-

tact force at the KBS activation (Fig. 5) are calculated according to
the following expressions:
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Table 9. BPSS of the substructure 2 after the correction of the counter-
weight mass (mey=172 t)

Model Mi,, i=1,3
Quantity - -
i=1 (M1g,) i=3 (M3o)
Mgys2 Micor (1) 500.735 489.149
X3,5us2,Micor (M) 25.787 25.967
Y3,sus2,Mi,cor (M) 0.051 0.209
Z3 Sus2,Mi,cor (M) 16.833 16.884

Table 10. BPSS of the slewing superstructure 'a posteriori’ models M1,
and M3, (m¢y=172 t): bucket wheel boom in horizontal position

Model Mi,, i=1,3
Quantity - -
1:1 (Mlcor) 1=3 (Mgcor]
Mg i cor (©) 1075.707 1075.707
X5 taicor (M) 1.237 1.237
Y3,55,H,Micor (M) -0.082 -0.082
23,55, H,Micor (m) 11.722 11.732
Esus 1, Mi.cor = —¥3,.SuS1,H,DES,Mi — *1,03> 1=1,3; (25)
SSuS1,Mi,cor = Z3,SuS1,H,DES,Mi 21,03 I=1,3; (26)
Ia0 =EoBw COSapwp —Sopw SINApwe + X1 025 (27)

I3us1,Mi,cor = &suS1,Mi,cor COSABWB ~ SSuS1,Micor SINABWB + 41,02, 1=1,3;
(28)

I3us2,Mi,cor = ¥3,8uS2,Mi.cor —¥3,02> 1=1,3; (29)

while the distance between the centre of the corrective mass from the
O,y, axis can be determined by the expression:

lm,cor,Mi,cor = X3,02 = *3,m,cor,Mi> i=1,3, (30)

Table 11. The intensity of the contact force at the KBS opening
(Ao Micor 1=1,3) is determined from the moment equation for the axis
of the KBS rotation relative to the slewing platform (O,y», Fig. 5):

Ao Micorla0 = 8(MSus1 DES MiTSuS1 M cor T MeorMifm.corMicor ~ M5us2 Mi corlSus2 Micor) = 0 I=1,3.

(€2))

Therefore:

Table 11. Geometry of the system and the intensities of the contact forces at

the KBS opening
Model Mi,,, i=1,3
Quantity
i=1 (M1cor) i=3 (M3cor)
Esus1,Micor (M) 24.378 24.292
Csus1,Micor (M) 4.437 4.370
Ipo (m) 49.155 49.155
1 i.cor (M) 33.419 33.460
SuS1,Mi,cor at IXBWB:—14-31°
Isys2,Mi cor (M) 20.087 20.269
Ly corMi cor (M) 2.763 3.285
Ao micor (KN) at agyp=-14.31° | 863.45 866.77

l

+m cor,Mi,cor - mSuSZ,Mi,curZSuSZ,Mi.cor )’ 1= 1 ’3 .

_ &
Ao pticor =7 (Mg s widsus 1 vt cor

cor,Mi
lAO

(32)

890

AO,Ml,cor

8851 I AO,M3,cor
® A Ecor = 886.4 mm

830f
875}
070t
< 870
865}

860

855

850 1 1 1
=20 -18 -16 -14 o -12 -10 -8
Ogpg (®)

Fig. 7. Intensities of the contact forces at the KBS activation: the slewing su-
perstructure ‘a posteriori’ models M1, and M3, vs the experiment

6. Control weighing during the BWE exploitation

The results of the control weighing (W1) are provided in Table
12, whereas the comparative overview of the analytically and experi-
mentally determined abscissas of the slewing superstructure CoG is
presented in Fig. 8.

7. Discussion

Based on the analysis of the presented results, the following is
concluded:

* masses of the slewing superstructure ‘a posteriori’ models M1y o
and M3y cor, formed using the concept of corrective mass, are
equal to the mass of the slewing superstructure determined at the
zero weighing (Tables 2 and 8);
at the horizontal position of the bucket wheel boom, the CoG ab-
scissas of the slewing superstructure “a posteriori’ models M1y o
and M3y .o, match the CoG abscissa of the slewing superstruc-
ture determined at the zero weighing (Tables 2 and 8, Fig. 9);
at the low measuring position of the bucket wheel boom, the
CoG abscissas of the slewing superstructure ‘a posteriori’ models
My cor and M3y oo are greater than the CoG abscissas of the
slewing superstructure determined at the zero weighing by 65 mm
and 57 mm, respectively (Table 13, Fig. 9);
differences between the calculated and experimentally determined
CoQG abscissas relative to the radius of the calculating contour of
the slewing superstructure leaning in the plane of the radiaxial
slew bearing are 1.4% for model M1y, and 1.2% for model
M3y cor (Table 13), which is quite acceptable from an engineer-
ing point of view;
it is observable (Table 14) that the CoG ordinates of the consid-
ered models are identical and invariant to the inclination angle of
the bucket wheel boom; on the other hand, the CoG ordinates de-
termined by the zero weighing are not identical, which is predom-
inantly a consequence of the structural geometry imperfections, as
well as the errors that inevitably occur during measurement; the
difference between the experimentally determined CoG ordinates
for the low and horizontal measuring position of the bucket wheel
boom (7 mm, Table 14) is negligibly small relative to the radius
of the calculating contour of the slewing superstructure leaning in
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Table 12. BPSS of the slewing superstructure: the control weighing (W1)

Measuring position of

Slewing super-
structure mass

CoG position

Total counter-
weight mass

the plane of the radiaxial slew bearing
(1.5%o of the mentioned radius);
*the CoG ordinates of the ‘a posteriori’

the bucket wheel boom models M1y cor and M3y copr as well

msswi () x3sswiry (M) | y3sswii (M) Mew (t) as the CoG ordinates determined by zero

Low: agyg=-13,6° 0.535 -0.152 weighing, have negative values (Table

1101.692 172.0 . ;

Horizontal 0.698 20162 14); furthermore, thelr absolute Yalues
are very small relative to the radius of
the calculating contour of the slewin;

b) g g
1115
110 “Mla | 700
a) c) 1105 cor - M;WO,cor
g 1100 X:-13.6 WO,cor
2500 g 1095 Y: 1094 650 | Y W0:x; g5 =380 mm
— Ml X: 1837 4 - = W0y ooy = 599 mm
—M3_, Y: 2288 +{71090
v W1:13,SS.W1,L =535 mm I 1085 X: »13.6. 600
" Wi sswin = 698 mm ) 1080 Y: 1085 \
1075 ’E
20001 1 7_\’} . _1‘3 2= 550
Oy (°) ?}.
=
1241 500
’g 1240
= 15001
7] 450
g X:-21.49 1239
Y: 1265 _
. . E 12381
X: 2149 X:0 < 4001
Y: 1247 Y: 1237 11237 . v
X:0
1000+ 1236 Y: 1237 350 N N N L L L 1 L
-16 -14 -12 -10 -8 66 -4 -2 0 2
1235 %ewe ()
. Fig. 9. Abscissa of the slewing superstructure CoG: the
1234 ‘a posteriori’ models M1y .., and M3y .o, VS the
s00F . v . ‘ . . . zero weighing (W0)
-30 20 -10 0 10 20 25 -0.1 0 0.1
aBWB (0) ApwB (0)

Fig. 8. Abscissa of the slewing superstructure CoG: (a) the ‘a posteriori’ models M1, and M3, vs
the control weighing (W1) over the entire domain of the inclination angle of the bucket wheel
boom (ogyp=—21.49°...18.37°); (b) model M1, vs model M3, in the vicinity of the low
measuring position of the bucket wheel boom (agyp=—13.6°); (c) model M1, vs model M3..,,
in the vicinity of the horizontal position of the bucket wheel boom
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Fig. 10. CoG abscissas of the slewing superstructure ‘a posteriori’ models:

MIcor vs M1 Wo,cor
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20 25

Table 13. CoG abscissas of the slewing superstructure at the low measuring
position of the bucket wheel boom: ‘a posteriori’ models M1y .,
and M3y cor (X3,55,wo,1,Miwo,con 1=1,3) VS the zero weighing

(X3,55w0,.,=380 m

m)

Model Miyg o i=1,3

ety i=1 (M1yo,cor) i=3 (M3yg,cor)
X3,55,W0,L,Mi,W0,cor (M) 445 437
AX3 55,W0,LMi,Wo,cor (M) 65 57
100Ax3,55,w0,0,Miwo,cor/Ts” (%) 14 1.2

“AX3,55,W0,1,Mi,W0,cor= X3,55,W0,1,Mi,W0,corX3,55,Wo,L,

bre=0.95Dpep/2=0.95x5000/2=4750 mm - radius of the ‘contour of static stability’ [3],
i.e. radius of the calculating contour of the slewing superstructure leaning in the
plane of the radiaxial slew bearing [5]

superstructure leaning in the plane of the radiaxial slew bearing:
up to 1.8% of the mentioned radius (Table 14);

the absolute values of differences between the CoG ordinates of

the “a posteriori’ models M1y oo and M3y o and the CoG ordi-
nates of the slewing superstructure determined at the zero weigh-
ing, for the low and horizontal measuring position of the bucket
wheel boom, are equal to 4 mm and 3 mm, respectively (Table 14);
from the engineering standpoint, these differences are negligibly

small relative to the radius of the calculating contour of the slewing

superstructure leaning in the plane of the radiaxial slew bearing: up
to 0.8%o of the mentioned radius (Table 14).
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Table 14. CoG ordinates of the slewing superstructure: ‘a posteriori’ models M1y, ., and M3y, ., vs the zero weighing (W0)

i iti Model Mi i=1,3
?eisuﬁng p}clenllgn of Quantity Wo . Wo,cor -
the bucket wheel boom i=1 (M1W0,cor) i=3 (M3W0,cor)
Y3,ss,wo,, (mm) -80 -84 -84
100]y- |/rs (%) 1.7 1.8 1.8
Low: agyp=-12.63° SSSWOLTTS
Ay ss,wo,LMi,wo,cor (MM) - 4 4
10043 55 wo,,Mi,wo,cor/T's (%00) - 0.8 0.8
V3,55, W0,HMi,wo,cor (M) -87 -84 -84
) 100y3 55 wo,u,Miwo,cor/T's (%) 18 1.8 1.8
Horizontal N
Ay3s5,w0,1,Mi,wo,cor” (MM) - 3 3
10043 s5,wo,1,Mi,wo,cor/T's (%00) - 0.6 0.6
A3, 55w0.1,Mi Wo.cor=IV 3,55 0,1, Wo.corV 355wl "AV 3,55 w0, i wo.cor=1V 3,55 W0, 5 Mi Wo.cor V355 WoH
2400 22
— ¥3,55,M3,W0,cor X: 18.37 L X:-21.49
— X3,85.M3.cor Y. 2285 1 20 Y: 17.46
2200 —_ SSMeor 18 u
3,SS,M3,cor ~ *3,SS,M3,W0,cor ~—
E 16}
2000 E 14}
812}
1800 210f
“ gl L]
oS X:-13.6
_ 1600 T 6 Y:8612 X: 1837
£ g 4} Y: 2.324
1400 =2r L
W a0r l\._/
1200 R2r 0 X: 6.5
4 ’ Y: -1.025
_6 1 1 1 1 1 1 1 1
1000 25 20 -15 -10 -5 (()) 5 10 15 20
a
800 awe ()
Fig. 12. Differences in the CoG abscissas of the slewing superstructure ‘a
600 posteriori’models M1, and M3,,,.
400 cally to the maximum achieved at agwp a3 55 Mimax i=1,3 (Table 15)
and then decrease slightly monotonically to the minimum value that
20055 20 -10 10 20 25 occurs at the maximal inclination angle of the bucket wheel boom

Fig. 11. CoG abscissas of the slewing superstructure ‘a posteriori’ models:
M3 cor VS M3 Wo,cor

Table 15. Differences of the CoG abscissas of the slewing superstructure ‘a
posteriori’ models after the correction of the counterweight mass

Model Mi, i=1,3
Quantity i=1: M1,,, vs i=3: M3, vs
MlWO,cor M3W0,cor
AX3 55 Mi,max” (Mm) 641 641
AgwB Ax3,55Mimax (°) -10.31 -10.58
A3 55 Mimin’ (MmM) 618 618
@BwB Ax3,55Mimin (°) 18.37 18.37
A(AX3 55 M) max” 23 23
Axz g5 (Mm) 635 635

_ b - ,
,5S,Mi,max— (43,55, Mi,cor™ 3,55,Mi,W0,cor/ max ,5S,Mi,min~ (3,55, Mi,cor—3,55,Mi,W0,cor) min/
Ax355, (X3,55MicorX3,55Mi,Wo,cord maxi “AX3.s5, (X3,55,Micor=X3,55,Mi,Wo,cor)
A(AX3 55, M) max=DX 3,55, Mimax—LX3,55,Mi,mins dij’,SSle-mean value of the difference of the
CoG abscissas

Correction of the counterweight mass after the zero weighing leads
to a significant increase of the CoG abscissas of the slewing super-
structure ‘a posteriori’ models M1y ¢or and M3y o, (Figs. 10 and
11, Table 15) followed by negligible shifting of the CoG ordinates
(2 mm, Tables 8 and 10).

For both considered models (Figs. 10 and 11), the differences of
the slewing superstructure CoG abscissas increase slightly monotoni-

OBWB.max—18.37°. It can be noticed (Figs. 10 and 11) that the maxima
of the considered differences occur for the inclination angle of the
bucket wheel boom at which the abscissas have the minima. The val-
ues of the mentioned angle are very close for both models (Table 15):
—10.31° for model M1 and —10.58° for model M3. With an accuracy
of 1 mm, the maxima, as well as the minimal values of the consid-
ered differences, are the same for both models: 641 mm and 618 mm,
respectively. Consequently, the differences between the maxima and
the minimal values of the differences of the CoG abscissas have the
same values (23 mm, Table 15), meaning that the inclination angle of
the bucket wheel boom has a relatively low impact on the differences
of the CoG abscissas of the ‘a posteriori’ models M1 .., and M1y o,
as well as models M3, and M3y oo, Furthermore, the mean values
of the considered differences are the same (635 mm) for both mod-
els. With all this in mind, it is conclusive that the sensitivities of the
considered models to the change of the counterweight mass are of the
same level.

The difference in the CoG abscissas of the slewing superstruc-
ture ‘a posteriori’ models M1, and M3, (Fig. 12) monotonically
decreases from the highest value (17.5 mm) to the minimum (-1
mm) which occurs at the inclination angle of the bucket wheel boom
OBWB.max=0-55° and then monotonically increases to 2.3 mm at the
maximal inclination angle of the bucket wheel boom. At the hori-
zontal position of the bucket wheel boom, the considered difference
is equal to zero. At the low measuring position of the bucket wheel
boom during the control weighing (agwp=13,6°), the CoG abscissa
of the model M1, is lower by =9 mm and considerably closer to the
experimentally determined value (Figs. 8a and 8b).
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For both of the slewing superstructure ‘a posteriori’ models after
the correction of the counterweight mass (M1, and M3_,), the sum
of the substructure 1 and substructure 2 masses, including the cor-
responding corrective masses, represents the dominant portion of the
entire mass of the slewing superstructure (Table 16). The total per-
centage participation of these masses in the entire mass of the slewing
superstructure was determined by the expression:

Mi,cor ~100 Mgys1 + Msus2 Mi,cor + Meor, Mi
Pp SuS1+SuS2+m,cor =

,1=1,3, (33
Mmgs Mi,cor ( )

Amsst] = mSS’Wl — mSS,MS,cor =1101.692-1075.707 = 25.985 t, (34)

which  constitutes  100Amgg v /Mgs 3 cor=100%25.985/1075.707=
2.4% of the M3, model’s mass. This increase of the slewing super-
structure mass is a consequence of the undesired accumulation of soil
material, primarily in the bucket wheel dead space (magp gw), as well
as in the slewing platform structure (mgp sp) i.€.:

Amgg w1 = magmBW + MASM,SP- (35)

Table 16. Cumulative percentage participations of the substructure 1, substructure 2 and corrective mass in the total mass of the slewing superstructure

Model Mmgysq (t) Mmgysy (t) Moy (t) Mg (t) pP,SuSl+SuSZ+m,cor (%)
M1, 428.062 500.735 28.779 1075.707 89.0
M3, 422.650 489.149 48.082 1075.707 89.2

and amounts to =89% for both models (Table 16). Intensity of the
contact force at the KBS activation, expression (32), depends directly
on the BPSS of the substructure 1, substructure 2, as well as the cor-
rective mass, i.e. on the BPSS of the dominant portion of the entire
slewing superstructure. For this reason, a comparative analysis of the
experimentally and analytically determined intensity of the contact
force provides the ability to assess the compliance of the BPSS of a
dominant portion of the model of the slewing superstructure with its
actual image.

Intensities of the contact force at the moment of the KBS activa-
tion, calculated based on the ‘a posteriori’ models M1, and M3,
are lower than the experimentally determined intensity (Fig. 7, Tables
11 and 17). This is, primarily, a consequence of the impact of friction
in the KBS joints, which is not included in the expression (32). Per-
centage difference between the analytically and experimentally deter-
mined intensities of the contact force is within the acceptable limits
for both models: 2.6% for M1, and 2.2% for M3, (Table 17).

Table 17. Contact force at the KBS activation: the experiment vs the ‘a
posteriori’ models M1, and M3,,,

Model | Ado=Agg,cor-Aomicor (KN),i=1,3 | 100AAo/Ag g cor (%), 1=1,3

Ml,, | 2295 2.6

M3, | 19.63 2.2

Based on the presented comparative analysis of the BPSS of the
‘a posteriori’ models of the slewing superstructure, the following is
concluded:

* the ‘a posteriori’ models of the slewing superstructure, in the con-
ditions of the zero weighing (M1yg cor and M3y ¢o,), are in good
mutual agreement, as well as in good agreement with the results
of the zero weighing, where the model M3y .o, gives a somewhat
better approximation;

« the ‘a posteriori’ models of the slewing superstructure after the
correction of the counterweight mass (M1, and M3_,) are in
good mutual agreement, but the model M3, gives a somewhat
better approximation relative to the results of the control weigh-
ing;

» model M3, gives a slightly better approximation of the intensity
of the contact force at the KBS opening compared to the experi-
mentally determined intensity of the mentioned force.

Precisely because of these conclusions, the BPSS of the model M3,
were adopted as a basis for the subsequent analyses.

The mass of the slewing superstructure determined by the control
weighing (Table 12) is greater by:

Although relatively small, the aforementioned increase of the slewing
superstructure mass significantly affects the position of the slewing
superstructure CoG. Compared to the M3, model (Fig. 8), the ex-
perimentally determined CoG abscissas are lesser for

Ax3 g51,W1 = X3,85,LM3,cor ~ ¥3,85,L,w1 =1085—535=550 mm at aigyp =—13.6°

(36)

AX3 8 H,W1 = X3,88,H,M3,cor ~ X3,88,H,w1 = 1237 —698 =539 mm at agyp =0.
(37)

At the same time, the absolute values of the slewing superstructure
CoG ordinates (Tables 10 and 12) were increased by:

A3 ssLwi = ‘J’S,SS,L,WI‘ _‘yS,SS,MS,cor‘ =|-152|~[-82|=70 mm at apyp=—13.6

(38)

Avs sswi =|V3.ss s wi|~|3.55.M3 cor| = [-162] - |-82| =80 mm at oty =0.

(39)

However, the absolute values of the ordinates of the slewing super-
structure CoG are still negligibly small (less than 3.5% of the radius
of the calculating contour of the slewing superstructure leaning in the
plane of the radiaxial slew bearing). In addition, it was proven in [3]
that the impact of the lateral eccentricities of all forces acting upon
the slewing superstructure on the safety factors against its overturning
is negligibly small. Therefore, the CoG ordinate is excluded from the
further analysis.

During the control weighing, the expanded measurement un-
certainty of the slewing superstructure CoG abscissa amounted to
Ulx3 ss,w1)=52 mm, which means that, with a probability greater than
95%, the slewing superstructure CoG abscissas lie in the closed in-
tervals:

Iz ssiwi: [x3,SS,L,W1,minaxS,SS,L,Wl,max] at agwp=-13.6% (40)

Iz ssawi: |:x3,SS,H,W1,minsx},SS,H,Wl,max:| at agyp=0;  (41)

whose limits are:

X358 L.Wimin = %3,8s,L.wi —U (X385 wi) =535-52=483 mm at agyp=-13.6%
(42)
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X3.88.L.Wimax =%3ss,L.wi+U(¥385w1)=535+52=587 mm at agyp=-13.6%

(43)

X3,58,H,W1,min = ¥3,85,H,w1 ~U (X385, w1) = 698 =52 = 646 mm at orpyp=0;
(44)

X358, H,Wmax =*¥3,58H,w1 T U (X355 w1) =698+ 52 =750 mm at agyp=0.

(45)

Assuming that, due to the position and symmetrical shape of the slew-
ing platform, the abscissa of the centre of mass m g\ sp is equal to
zero, based on the intervals’ limits determined by the expressions
(42-45), it is possible to calculate the corresponding masses of soil
material accumulated in the bucket wheel dead space (Table 18),

_ (mgs M3, cor + Amss,w1)x3,ss,L(H),W1,max — M3 M3,cor¥3,SS,L(H),M3,cor |
MASM,BW,L(H),min = 5
X3 BW,L(H)

(46)

 (msg M3 cor + Amss wi1)X3,85 L(H),W Lmin ~ 7S$,M3,cor*3,5S,L(H).M3.cor .
MASM,BW,L(H),max — 5
X3 BW,L(H)

(47

where the bucket wheel abscissa at the measuring position of the
bucket wheel boom was determined by the expression:

X3 BW,L(H) = ‘(5OBW COSABWB,L(H) ~ 6 0BW SinaBWB,L(H))_xl,m’ apwp =—13.6°% agwpy =0.

(43)

It can be noticed (Fig. 13) that at the mass of the soil material ac-
cumulated in the bucket wheel dead space magn pw="AsM.BW.L min
(11.957 t)... masp Bw.H.max (14.062 t) the CoG abscissas of the slew-
ing superstructure ‘a posteriori’ model M3, with an increase of the
slewing superstructure mass determined by the control weighing,
expression (34), lie within the intervals calculated based on the ex-
panded measurement uncertainty, expressions (40 and 41), for both
measuring positions of the bucket wheel boom. Hence, the mass of
the soil material accumulated in the bucket wheel body was within the
above specified limits with a probability of more than 95%.

8. Conclusion

Identification of the basic parameters of static stability of the
slewing superstructure represents a key step in solving the problem of
its static stability and the static stability of the bucket wheel excavator
as a whole. Mishandling of the documentation during the project de-
velopment and the realization of the first erection procedure, imposed
a need for the formation of the slewing superstructure ‘a priori’ mod-
els using four variants of the project documentation.

Table 18. Masses mygy gy corresponding to the limits of the intervals lys g5 w1 and Ly ss w1

Measurmgv‘p;}(l)es(letllﬁg:;the bucket X3,55,M3,cor (MM) X3, (M) Masm,BWmin (t) Masm,BWmax (1)
Low: agyp=-13,6° 1085 -43.543 11.957 14.589
Horizontal 1237 -44.011 11.459 14.062
2400 . . .
—— >§ 2155357 Based on the testing on compliance with the results of thf.E Zero
== X3.§8.M3.co W1 ASM.BW.Lmin ‘ n weighing, two models were excluded from subsequent analysis. By
2200 |77 355, M3.con W1 MASMBW.Lmax applying the concept of corrective mass on the remaining two ‘a pri-
:_ii::x;z::x:::ﬁ:z::;‘; ori” models of the slewing superstructure, the ‘a posteriori’ models
— Ijssiwi T were formed, agreeable both mutually and with the results of the
2000~ | — L ssuwi zero weighing. They served as the basis for the formation of the final
Y Wi g5 =335 mm e, =-13.6) ‘a posteriori’ models of the slewing superstructure, taking into ac-
" WL X3 gg g = 698 MM (d,=0) K i
18001 > count the correction of the counterwel'ght mass before the buckfst
i wheel excavator was deployed. By testing the models developed in
:’;3 such a manner on compliance with the experimentally determined in-
=1600- /i tensity of the contact force at the moment of the kinematic breakdown
E, // system activation, the calculation model whose basic parameters of
a ;1’/ static stability fully match the corresponding parameters of the slew-
" 1400 Iy ing superstructure’s actual image was identified.
B® i Thus, this paper presents an original method for the development
. . k¥ and two-step validation of the calculation model of the slewing su-
12001 \ / § ?237 // perstructure of a bucket wheel excavator with a kinematic breakdown
. 4 / system. Such a model represents an accurate basis both for proving
1000 e 7 / the static stability and for monitoring of the basic parameters of static
i stability during the exploitation of the bucket wheel excavator. Name-
ly, periodic control weighing of the slewing superstructure is funda-
800 - mental and one of the oldest methods for ‘health monitoring’ of the
bucket wheel excavators and has been in use long before this term was
coined. By analysing the results of the control weighing, it is possible
600 - to identify the slewing superstructure’s potential ‘weak points’. In the
considered case, a significant reduction of the abscissa of the super-
400 structure’s centre of gravity (shifting of the centre of gravity towards
| L L I the bucket wheel) was observed during exploitation. Using the final

25 20 05 0 5 0 5 10 15 20
g (%)

Fig. 13. CoG abscissas of the slewing superstructure: model M3,.,. which in-
cludes the mass determined by the control weighing (W1) and varia-
tion of the mass accumulated in the bucket wheel dead space vs model
M3L'OI‘

‘a posteriori’ model of the slewing superstructure, it was determined
that the cause of the shifting of its centre of gravity was undesirable
accumulation of soil material in the bucket wheel dead space. This
phenomenon has a negative impact on the bearing of the bucket wheel
and the slewing superstructure, as well as the slewing superstructure’s
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static stability and dynamic response. Finally, based on the results Acknowledgement

of the conducted analyses, it is conclusive that the existing double- This work is a contribution to the Ministry of Education, Science and

walled bucket wheel represents a ‘weak point’ on the superstructure of Technological Development of Serbia funded project “Integrated re-
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